Trailing edge noise can be predicted with the help of a synthetic turbulent velocity field. Assuming isotropic conditions this field may be generated via an energy spectrum of turbulence like the modified von Kármán spectrum (MVKS). In this work one-dimensional wavenumber spectra of turbulence obtained from hot-wire measurements at the trailing edges of a thin, flat plate and a NACA0012 airfoil were compared to the respective spectra extracted from the MVKS. Good agreement at all measuring positions is possible with a modified form of the MVKS. The remaining discrepancies can be attributed to the anisotropy of boundary layer turbulence.
Introduction
Airframe noise is an important part of an aircraft's landing approach noise. In order to design quieter aircraft there is a strong demand for tools that allow a computational optimisation of its respective components, e.g. landing gears, slats and flaps. Unfortunately this is hardly possible with present computer resources via a Direct Numerical Simulation (DNS) solving the full governing flow equations (Navier Stokes Equations, NSE). This has given rise to the application of a hybrid CFD 1 / CAA 2 approach based on simplified forms of the NSE and on a synthetic stochastic isotropic turbulent velocity field [7] . With this means broadband trailing edge noise, a significant contribution to airframe noise, has successfully been computed [2, 5] . The synthetic velocity field is based on the assumption of the modified von Kármán spectrum (MVKS) as the prevailing energy spectrum of turbulence [3, 9, 10, 11] .
The aim of the present investigations was to find out to what extent the MVKS is appropriate to describe turbulent trailing edge flows. Therefore one-dimensional turbulent wavenumber spectra obtained from hot-wire measurements at the trailing edges of two test objects were compared to the respective spectra extracted from the MVKS. Please note that the topic of this paper is not to present trailing edge noise results computed with the hybrid approach (please refer to references [2, 5] in case of interest). Consequently the approach will only be described briefly in so far as the MVKS is concerned. Figure 1 shows the coordinate system. Test objects were a NACA0012 airfoil (dimensions L x = 120 mm, L z = 140 mm) and a thin, flat plate (L x = 200 mm, L y = 0.3 mm, L z = 100 mm). In both cases the angle of attack was zero degrees and the incoming flow velocity v 0x = 37.5 m/s, corresponding to a Mach-number M a = 0.11. The measurements were carried out in the aeroacoustic wind-tunnel of the Institute of Acoustics and Speech Communication at Dresden University of Technology using a triple sensor hot-wire probe. It was positioned with a lightweight traverse system of accuracy ±0.01 mm in every coordinate direction. At both objects time responses of the velocity vector components v i (i = x, y, z) were recorded in approximately 40 y-coordinates at z = 0 as close as possible to the trailing edge in x-direction (x ≈ 1 mm). 16, 384 = 2 14 samples were recorded at a sampling frequency of 25 kHz (plate) and 250 kHz (airfoil) using anti-aliasing low-pass filters with cut-off frequencies of 10 kHz and 100 kHz, respectively. The boundary layer was tripped with a tape of height 0.3 mm and length 1.2 mm on both sides of the objects. At the flat plate this tape was attached 6 mm downstream of the leading edge and at the NACA0012 airfoil at the x-coordinate of maximum profile thickness, respectively.
Procedure of the Studies

Coordinate System and Measurements
The MVKS in the Framework of the Hybrid Approach
The hybrid approach used in [2, 5] to compute broadband trailing edge noise is based on splitting the field variables into a time averaged and a generic fluctuating part. In the first step the mean flow field is calculated with DLR's CFD-Code FLOWer as a solution of the RANS 3 -equations using the standard Wilcox k − ω turbulence model [12] , k denoting the turbulent kinetic energy 3 Reynolds Averaged Navier Stokes and ω its specific dissipation rate, respectively. In the second step a modified form of the LEE 4 with a source term is solved with DLR's CAA-Code PIANO to compute the time-dependent variables. The source term is calculated from a frozen synthetic turbulent velocity field v st which is given by a sum of discrete Fourier modes [7] .
Generating v st requires a turbulent energy spectrum E(α), α = α 2 x + α 2 y + α 2 z denoting the wavenumber. At present E(α) is modelled by the MVKS:
It has its maximum at wave number α e and reaches up to the Kolmogorov wave number α ν . Both α e and α ν , and thus the whole spectrum, can be calculated from the RANS-results of k and ω. The parameter C 2 in the exponent is C 2 = 2 and the scaling factor C 1 ensures that
Here C 1 is (for every set of input parameters k and ω) calculated as the ratio of k and the integral over E(α), which is computed numerically with the trapezoidal rule (for C 1 = 1). Note that turbulence can only be described by an energy spectrum E(α) if isotropy is assumed.
Characterising the Applicability of the MVKS
One-dimensional wavenumber spectra Φ xx (α x ), Φ yy (α x ) and Φ zz (α x ) obtained from measurement as well as from (1) were compared to each other, see Figure 2 . E(α) given by the MVKS was transformed into these longitudinal (Φ xx ) and lateral (Φ yy , Φ zz ) one-dimensional spectra via [1] :
Generation of the MVKS
The parameter C 2 governs the decrease of the MVKS at high wavenumbers.
To provide for a better agreement with the one-dimensional wavenumber spectra Φ ii (α x ) from measurement modified forms of the MVKS with C 2 = 2 were used in this study, too, see below.
Furthermore the input parameters k and ω were not taken from the RANS computation here. Actually, k was calculated from the measured
the overline denoting the time-average. The value of ω was estimated to provide for a best possible coincidence of the Φ ii (α x ) from measurement and theory. If k and ω would have been taken from the RANS-solution, the discrepancy of these spectra would have increased due to RANS inaccuracies, see below. However, the main goal of this study was not to assess the applicability of the input parameters k and ω rather than that of the MVKS itself.
Results and Discussion
Wavenumber Spectra of Trailing Edge Turbulence
Figure 3 compares one-dimensional wavenumber spectra Φ ii (α x ) obtained from the MVKS and from a measurement at the NACA0012 airfoil at y ≈ −1.6 mm. Due to the limited signal-to-noise ratio of the hot-wire measurement technique no values of Φ ii (α x ) below approximately 10 −5 m 3 /s 2 could be resolved. Using the generic form of the MVKS with C 2 = 2 (⇒ C 1 = 1.69 for the employed values of k and ω) there is a good agreement at wavenumbers α x < 2.0 · 10 3 / m but a rather poor agreement at higher wavenumbers. A modified form with C 2 = 50 (C 1 = 2.24) provides for a good coincidence throughout all α x . The remaining deviations can be attributed to the anisotropy of boundary layer turbulence [4, 6, 8] . They can not be overcome by another E(α) spectrum as for example in Figure 3 Φ xx (α x ) from measurement falls below Φ xx (α x ) from the MVKS while at the same time Φ yy (α x ) and Φ zz (α x ) from measurement exceed the respective spectra extracted from the MVKS. Figure 4 shows results from the flat plate at y ≈ −0.7 mm. There is a satisfying agreement of the onedimensional wavenumber spectra from measurement and the generic MVKS throughout all wavenumbers. The remaining discrepancies are again due to anisotropy. The upper cut-off frequency of the measurement underlying Figure 4 is lower than in Figure 3 because as mentioned above the sampling frequency at the flat plate was only 25 kHz instead of 250 kHz as in the NACA0012 measurement. The spurious peaks in the measured spectra at wavenumbers α x < 100/m are most problably due to low-frequency electromagnetic disturbance (e.g. PC-monitor) of the hot-wire sensor signals.
At both objects the measured spectra confirm that the share of the small eddies increases when the coordinate y = 0 is approached [6] , i.e., the Φ ii (α x ) spectra decay slower towards higher wavenumbers as y → 0. Considering similar y-coordinates, however, the share of the small eddies at the flat plate is always higher than at the NACA0012 airfoil. This leads to the following consequences:
-Flat plate: There is a good agreement of the Φ ii (α x ) from measurement and from the generic MVKS for larger values of y, cp. Figure 4 , but as y → 0 the Φ ii (α x ) from measurement exceed those from the MVKS at high wavenumbers. -NACA0012: The Φ ii (α x ) spectra from measurement fall below those of the generic MVKS at high wavenumbers in case of large y, cp. Figure 3 , but on the other hand there is a good agreement as y → 0.
Trailing Edge RANS Results
Next to a correct formulation of the turbulent energy spectrum E(α) itself reliable values of k and ω from the RANS-computation are also crucial to generate a proper E(α). In this context Figure 5 illustrates k(y) and ω(y) from two RANS mean flow solutions for the flat plate. In the first computation its small thickness of only L y = 0.3 mm was neglected, while in the second it was taken into account. Obviously this results in significant differences in k and ω as y → 0. Regarding the finite thickness clearly provides for a better agreement with measured data. However concerning the agreement of the onedimensional wavenumber spectra from measurement and the MVKS, the remaining RANS inaccuracies may be as important as the choice of the energy spectrum, see the dashed line in Figure 4 where k and ω were taken from the RANS solution of the flat plate to obtain the MVKS.
Conclusion
At some coordinates the one-dimensional wavenumber spectra computed from the generic MVKS are in good agreement with respective spectra obtained from hot-wire measurements at the trailing edges of a thin, flat plate and a NACA0012 airfoil. However, in general, modified forms of the MVKS provide for a significant improvement resulting in a good agreement with measured spectra throughout all positions at the trailing edges of both objects. The remaining discrepancies are attributed to the anisotropy of the boundary layer turbulence.
Thus it seems worthwhile to investigate the influence of enhanced turbulence spectra and anisotropy, respectively, on the computed trailing edge noise. Also the influence of the fidelity of the RANS results underlying an energy spectrum of turbulence should be subject of future interest. Coordinate system; the origin was centered at the trailing edge in the y and z-direction, respectively
wavenumber spectra Hot−wire measurement Taylor's hypothesis Equations (3) and (4) Figure 2 
